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Abstract
Interactions between NSP5 and NSP2 drive the formation of viroplasms, sites of genome replication and packaging in rotavirus-infected cells.
The serine–threonine-rich NSP5 transitions between hypo- and hyper-phosphorylated isomers during the replication cycle. In this study, we
determined that purified recombinant NSP5 has a Mg2+-dependent ATP-specific triphosphatase activity that generates free ADP and Pi (Vmax of
19.33 fmol of product/min/pmol of enzyme). The ATPase activity was correlated with low levels of NSP5 phosphorylation, suggestive of a
possible link between ATP hydrolysis and an NSP5 autokinase activity. Mutagenesis showed that the critical residue (Ser67) needed for NSP5
hyperphosphorylation by cellular casein kinase-like enzymes has no role in the ATPase or autokinase activities of NSP5. Through its NDP kinase
activity, the NSP2 octamer may support NSP5 phosphorylation by creating a constant source of ATP molecules for the autokinase activity of
NSP5 and for cellular kinases associated with NSP5.
© 2007 Elsevier Inc. All rights reserved.Keywords: Rotavirus; Phosphoprotein; NSP5; ATPaseIntroduction
Rotaviruses, members of the Reoviridae family, are the
primary cause of severe diarrhea in infants and young children
under the age of 5 (Parashar et al., 2003). The rotavirion is a triple-
layered icosahedron that encases a genome consisting of eleven
segments of double-stranded (ds) RNA (Prasad et al., 1988;
Yeager et al., 1990). The outer capsid layer is formed from the
spike protein VP4 and the glycoprotein VP7, the middle layer
fromVP6, and the inner layer fromVP2.Copies of the viral RNA-
dependent RNA polymerase (RdRP), VP1, and the viral RNA-
capping enzyme, VP3, are associated with the VP2 layer. The
virion core is comprised of the VP1, VP2, VP3 and the dsRNA
genome. The rotavirus genome typically encodes six structural
(VP1–VP4, VP6, VP7) and six nonstructural proteins (NSP1–
NSP6) (Estes, 2001).
During rotavirus entry, the outer VP4–VP7 capsid layer is lost,
yielding a double-layered particle (DLP) that synthesizes eleven
5′-capped, but non-polyadenylated, plus-strand (+)RNAs (Imai et
al., 1983). Proteins produced by translation of the (+)RNAs form⁎ Corresponding author. Fax: +1 301 496 8312.
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et al., 2000). Viral (+)RNAs are packaged and replicated in these
structures, generating progeny cores (Silvestri et al., 2004; Suzuki
et al., 1981). At the periphery of viroplasms, cores are coated
with VP6, forming DLPs (Taylor et al., 1996). The DLPs migrate
to the rough endoplasmic reticulum (RER), where they acquire
an outer VP4–VP7 capsid during budding (Estes, 2001).
NSP2 and NSP5 are the essential building blocks of the
viroplasm (Fabbretti et al., 1999; Gonzalez et al., 2000). NSP2
and NSP5 are also components of replication intermediates
engaged in dsRNA synthesis, an association mediated by their
affinity for RNA or core proteins (Arnoldi et al., 2007; Berois et
al., 2003). The 35-kDa NSP2 has non-specific single-stranded
(ss)RNA-binding activity, an ATP-independent helix-unwinding
activity, and a triphosphatase activity that removes the γ-
phosphate from any nucleotide triphosphate (NTP) (NTPase
activity) or from the 5′-end of a triphosphorylated RNA
(pppRNA) (RTPase activity) (Carpio et al., 2004; Taraporewala
et al., 1999; Taraporewala and Patton, 2001; Vasquez-Del Carpio
et al., 2006). Recently, NSP2 was shown to exhibit an NDP-
kinase activity (Kumar et al., in press) capable of transferring the
γ-phosphate released as a result of its NTPase activity onto an
NDP substrate, thereby regenerating NTPs. Such a phosphoryl-
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in the viroplasm. NSP2 may also be involved in RNA
translocation, initiation of (−) strand synthesis, and/or core
assembly.
NSP2 self-assembles into octameric structures, the biologi-
cally active form of the protein (Taraporewala et al., 2002). X-
ray crystallography has shown that the NSP2 octamer has an
overall doughnut shape, produced by the tail-to-tail interaction
of two tetramers (Jayaram et al., 2002). Four highly basic
grooves extend diagonally across the octamer surface. Towards
each end of the grooves are deep clefts that represent the active
sites for the triphosphatase and phosphoryl-transfer activities of
NSP2. Cryo-electron microscopy and filter-binding assays have
shown that ssRNA and NSP5 competitively bind to NSP2
through their affinity for overlapping regions of the grooves
(Jiang et al., 2006).
NSP5 is a dimeric serine–threonine-rich protein with affinity
for ss and dsRNA (Vende et al., 2002). In the infected cell, the
protein undergoes both O-GlcNAcylation and phosphorylation
(Afrikanova et al., 1996; Gonzalez and Burrone, 1991).
Variation in phosphorylation generates NSP5 isomers in vivo,
ranging from 28-kDa hypophosphorylated forms to 32- to 34-
kDa hyperphosphorylated forms (Afrikanova et al., 1996;
Blackhall et al., 1997, 1998). When transiently expressed alone
in uninfected cells, only the hypophosphorylated form of NSP5
is produced. In contrast, when expressed with NSP2, a portion
of NSP5 undergoes hyperphosphorylation (Afrikanova et al.,
1998). Although such hyperphosphorylation of NSP5 requires
NSP2, this modification does not require the triphosphatase
activity of NSP2 (Carpio et al., 2004). Instead, the conversion
from hypo- to hyperphosphorylated NSP5 appears to be
mediated by cellular casein kinase-like enzymes (Eichwald et
al., 2002, 2004). The role of NSP2 may be to induce
conformational shifts in the NSP5 dimer such that targets for
cellular kinases become exposed.
The mechanism by which NSP5 undergoes hypophosphor-
ylation is less clear, but it too may be mediated by cellular
kinases. However, given reports indicating that purified NSP5
exhibits a low level of auto-kinase activity in vitro (Vende et al.,
2002), it is possible that an endogenous activity of the protein
triggers a low-level phosphorylation of the protein, that alone or
in concert with cellular kinases, leads to hypophosphorylation.
In this report, we show that NSP5 possesses a Mg2+-
dependent ATP-specific triphosphatase activity that produces
free ADP and Pi. This activity is consistent with earlier studies
indicating an ATP-dependent auto-kinase activity for NSP5.
Although the protein is multimeric and capable of binding RNA
and hydrolyzing ATP, no evidence was found that NSP5 has a
helicase-like activity. The NDP-kinase activity of NSP2 may be
a source of ATP for the triphosphatase activity of NSP5.
Results
Recombinant proteins
Three SA11 rotavirus proteins were expressed in bacteria and
purified from the soluble fraction of bacterial lysates by affinitychromatography, as described previously. These proteins included
full-length NSP2 with a C-terminal His-tag (NSP2H), NSP5
with an N-terminal His-tag (HNSP5), and a truncated NSP5
(NSP566–188) comprised of residues 66 to 188 of the full-length
protein (Fig. 1A). The purified NSP2H and NSP566–188 proteins
were soluble and stable in solution, the former existing as an
octamer and the latter as a dimer (Jayaram et al., 2002; Jiang et al.,
2006). In contrast, purified HNSP5 was heterogenous in nature,
with the protein gradually falling out of solution after purification.
Due to its observed instability, experiments with HNSP5 were
performed within 24 to 48 h of purification.
The RNA-binding activity of the recombinant proteins was
analyzed by electrophoretic mobility shift assay (EMSA) using
a 200-mer non-viral 32P-labeled RNA probe. As shown in Fig.
1B, increases in the levels of NSP2H, HNSP5, and NSP566–188
in reaction mixtures was correlated with the loss of free RNA
probe, indicating the presence of RNA-binding activity (Fig.
1B). The results for NSP2H and HNSP5 are consistent with
earlier reports (Taraporewala et al., 1999; Vende et al., 2002).
The finding for NSP566–188 indicates that the NSP5 dimer has
affinity for RNA, and that all or a functional part of the RNA-
binding domain is located within residues 66 to 188 of the wild-
type protein.
Detection of triphosphatase activity
To test whether NSP5 possessed catalytic activity usingATP as
a substrate, HNSP5, NSP566–188, and NSP2H were incubated with
[α-32P] ATP or [γ-32P] ATP in buffers containingMg2+. Analysis
of the reaction products by thin layer chromatography (TLC)
showed that NSP2H (Fig. 2A), HNSP5, NSP566–188 (Fig. 2B)
induced the formation of free ADP andPi. The capacity of NSP2H
to hydrolyze ATP was expected, given earlier reports describing
anNTPase activity for the protein (Taraporewala et al., 1999). The
capacity of the HNSP5 and NSP566–188 to generate ADP indicates
that this protein targets the β–γ phosphoanhydride bond of ATP
for hydrolysis. From one preparation of HNSP5 to another, some
variationwas detected in the triphosphatase activity of the protein,
with the preparations typically cleaving one-third or more of the
ATP substrate to ADP. However, on a molar basis, the triphos-
phatase activity of HNSP5 was consistently 2- to 3-fold greater
than that of the NSP566–188. This suggests that the N- or C-
terminus of NSP5, or both, influences the activity of NSP5.
Incubation of HNSP5 and NSP566–188 with [γ-
32P] ATP in
buffers containing Mg2+ also resulted in the phosphorylation of
both proteins (Fig. 2C). The identity of the residues phosphory-
lated in the case of HNSP5 and NSP566–188 is unknown, but the
responsible kinase activity parallels the ATPase activity
detected for these proteins, raising the possibility that these
two activities are linked.
Parameters affecting triphosphatase activity
To define the cation requirement of its triphosphatase activ-
ity, purified HNSP5 was incubated with [α-
32P] ATP in reaction
mixtures that contained 200 μM of Mg2+, Mn2+, Zn2+, or Ca2+
or that lacked any divalent cation. ADP generated in reaction
Fig. 2. Nucleotide hydrolysis. (A) NSP2H and HNSP5 were incubated with [α-
32P]
and [γ-32P] ATP under standard ATPase assay conditions. The reaction products
were analyzed byTLC and autoradiography. (B, C) Same as panelA except HNSP5
andNSP566–188were incubatedwith [γ-
32P]ATP. Reaction products were analyzed
for generation of Pi by TLC and autoradiography (B) and for the phosphorylation
of NSP566–188 (lane 1) and HNSP5 (lane 2) by gel electrophoresis (C).
Fig. 1. Purified recombinant proteins. (A) His-tagged full-length NSP2 (NSP2H)
and NSP5 (HNSP5) and intein-tagged NSP566–188 were expressed in bacteria
and purified by affinity chromatography. Purified proteins were resolved by
polyacrylamide gel electrophoresis (PAGE), and detected by staining with
Coomassie blue or by Western blot assay using anti-NSP5 or anti-His antibody.
M: size markers. (B) 1 to 10 pmol of purified NSP2H, HNSP5, and NSP566–188
were incubated with 32P-labeled Luc200 RNA. RNA–protein complexes were
detected by electrophoresis on a non-denaturing 8% polyacrylamide gel and
autoradiography. Ori: origin.
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imager, and themaximum value obtained in all reactionmixtures
normalized to 100%. As shown in Fig. 3A, ATP hydrolysis was
dependent on the presence of a divalent cation. Mg2+ produced
the greatest levels of hydrolysis, with Mn2+ generating about
one-half the level of Mg2+. No synergistic effect was seen upon
adding both Mg2+ and Mn2+ to the assays, suggesting that both
cations were satisfying the same cation requirement for ATP
hydrolysis. As expected, chelation of Mg2+ by the addition ofEDTA reversed the stimulatory effect of the cation on ATP
hydrolysis. Still lower levels of hydrolysis were obtained with
Zn2+ in reaction mixtures, while Ca2+ produced levels only
slightly above background.
To identify the optimal Mg2+ concentration for tripho-
sphatase activity, HNSP5 was incubated with [α-
32P] ATP in
reaction mixtures containing various concentrations of the
Fig. 3. Optimal nucleotide hydrolysis conditions. (A) Hydrolysis of [α-32P] ATP in standard ATPase reaction mixtures containing 200 μM of a single divalent cation
(Mg2+, Mn2+, Zn2+, Ca2+), or 100 μM of each Mg2+ and Mn2+, or 200 μMMg2+ and 6.7 mM EDTA, or no cation. (B–D) Same as in panel A except reaction mixtures
varied in [Mg2+] (B), pH (C), or [NaCl] (D). Products were detected by TLC, quantitated with a phosphorimager, and normalized to 100% for the reaction mixture in
the assay with the greatest level of hydrolysis. Hydrolysis assays were performed in triplicate (A) or duplicate (B–D). Standard deviations (bars) are indicated.
Fig. 4. Kinetics of nucleotide hydrolysis. (A) Standard reaction mixtures
containing 70 pmol of HNSP5 and 6.67 μM [γ-
32P] ATP were incubated up to
90 min. The extent of ATP hydrolysis was monitored by TLC and quantified
with a phosphorimager. Shown are results obtained with four different
preparations of HNSP5, with each sampling point analyzed in triplicate.
Standard deviations (bars) are indicated. (B) Same as in panel A except that
reaction mixtures were incubated for 30 min and contained varied amounts of
the substrate [γ-32P] ATP. The rate of 32P release (pmol/min) was plotted as a
function of [γ-32P] ATP concentration.
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concentrations at or above 200 μM Mg2+, a range that includes
the typical concentration of free Mg2+ in the cell (∼0.3 mM)
(Rubin, 2007). Similarly, assays assessing the effect of pH on
the triphosphatase activity of HNSP5 showed that ATP
hydrolysis reached maximal levels under slightly basic condi-
tions (∼7.5 to 8.0) (Fig. 3C). Assays performed across a variety
of temperatures showed that ATP hydrolysis was maximal at
∼37 °C (data not shown). Finally, assays performed at NaCl
concentrations ranging between 0 and 500 mM showed no
differences in ATP hydrolysis (Fig. 3D), indicating that the
catalytic activity of NSP5 is functional under monovalent salt
conditions that are physiologically relevant (∼150 mM) (Clari
and Moret, 1985; Schapiro and Grinstein, 2000).
During the replication cycle, Ca2+ levels increase in the cy-
tosol due to NSP4-induced leakage of the cation from ER Ca2+-
stores (Tian et al., 1995). To address whether such Ca2+ influx
into the cytosol could trigger changes in the triphosphatase
activities of NSP2H and HNSP5, these proteins were each
incubated with [α-32P] ATP in reaction mixtures containing
Mg2+ alone or Mg2+ plus Ca2+. Analysis of the products of this
reaction revealed no effect of the added Ca2+ on ATP
hydrolysis, ruling out a regulatory role for Ca2+ on the catalytic
activities of NSP2 and NSP5 (data not shown).
Kinetics of ATP hydrolysis
The kinetics of ATP hydrolysis by HNSP5 were examined by
incubating reaction mixtures with identical amounts of HNSP5
and [γ-32P] ATP for various lengths of time. The analysis was
Fig. 6. Effect of NSP2 on the ATPase activity of NSP5. The extent of [γ-32P]
ATP hydrolysis in reaction mixtures containing NSP2H, HNSP5, NSP2H H225A,
or combinations of these proteins was analyzed by TLC and quantified with a
phosphorimager. Assays were performed in duplicate. Standard deviations
(bars) are shown.
393T. Bar-Magen et al. / Virology 369 (2007) 389–399performed with four independent preparations of HNSP5, with
each time point assayed in triplicate. As indicated in Fig. 4A, the
ATPase activity of HNSP5 resulted in a near linear increase of
γ-32P accumulation for 90 min, the maximum time period
studied. Subsequently, the rate of ATP hydrolysis (pmol of
γ-32P formation/min) was determined for reaction mixtures
incubated for 30 min that contained a constant amount of
HNSP5 but varying concentrations of ATP (0 and 120 μM).
Plots of the rate of ATP hydrolysis as a factor of ATP
concentration generated a Vmax of 19.33 fmol of product/min/
pmol of enzyme and a Km of 4.34 mM (Fig. 4B). The Vmax of
NSP5 is thus similar to that of NSP2 (Vmax of 18 fmol/min/
pmol). In contrast, the Km of NSP5 is much higher than that of
NSP2 (Km of 0.65 μM), suggesting a lower affinity of NSP5 for
the nucleotide.
Nucleotide specificity of triphosphatase activity
In order to investigate the specificity of the triphosphatase
activity of HNSP5, the protein was incubated in reaction
mixtures containing a constant amount of [α-32P] ATP and
increasing amounts of a cold competitor nucleotide, either ATP
or GTP (Fig. 5A), or ATP or UTP (Fig. 5B). Analysis of the
reaction products showed that, as expected, cold ATP was an
effective competitor of [α-32P] ADP formation. For example, in
reaction mixtures where levels of cold ATP were 100 timesFig. 5. Specificity of nucleotide hydrolysis activity. Reaction mixtures contained
70 pmol of HNSP5, 0.22 μM [α-
32P] ATP and increasing concentrations of a
cold competitor nucleotide: (A) GTP or ATP, or (B) UTP or ATP. The reaction
products were analyzed by TLC and quantified using a phosphorimager. Assays
were performed in duplicate. Standard deviations (bars) are shown.greater than [α-32P] ATP, the production of [α-32P] ADP was
reduced to near background. In contrast, UTP and GTP were
poor competitors of the [α-32P] ATP substrate, as these cold
nucleotides were unable to reduce the formation of [α-32P] ADP
by 50%, even when present at 50- to 100-fold excess over the
radiolabeled nucleotide. These results indicate that the tripho-
sphatase activity of NSP5 has strong specificity for ATP,
supporting its designation as a viral ATPase. Because we did not
test CTP as a competitor of the [α-32P] ATP substrate, we
cannot exclude the possibility that NSP5 can hydrolyze CTP.
However, we are not aware of a nucleotide triphosphatase that
can hydrolyze ATP and CTP, but not GTP or UTP.
Potential modulators of ATPase activity
NSP2
The interaction of NSP2 and NSP5 is critical to the formation
of viroplasms and drives the hyperphosphorylation of NSP5 in
vivo. To explore the possible regulatory function of this
interaction on the ATPase activity of NSP5, in vitro assays
were performed comparing the ability of NSP2H and HNSP5,
individually, and in combination, to hydrolyze [γ-32P] ATP.
Assays were also performed using the NSP2 H225A mutant, a
form of the protein that lacks NTPase activity, but retains the
ability to interact with NSP5 to form viroplasms (Carpio et al.,
2004). As shown in Fig. 6, NSP2H and HNSP5 together
catalyzed ATP hydrolysis to levels that approximated the sum of
the activities of these proteins assayed individually. Likewise,
the level of ATPase activity in reaction mixtures containing both
HNSP5 and the NTPase-defective NSP2 was close to that of
mixtures containing HNSP5 alone. These results imply that the
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enhancing or suppressing effect on the hydrolytic activity of
either protein.
RNA
Many RNA viruses encode multimeric proteins that both
bind RNA and hydrolyze NTPs (Kainov et al., 2006; Patel and
Donmez, 2006). In some instances, these proteins operate as
helicases, using their catalytic activity to provide energy for
helix unwinding (Gwack et al., 1999; Kuang et al., 2004; Yon et
al., 2005). To probe for similar links between the RNA-binding
activity of NSP5 and its ATPase activity, reaction mixtures
containing HNSP5 and [α-
32P] ATP were incubated with
saturating concentrations of short ssRNAs [poly(U) or gene 8-
specific 21-mer] or dsRNAs (gene 2-specific 22-mer). Compar-
ison of the products of reaction mixtures containing ssRNAwith
those lacking RNA revealed no differences in the extent of ATP
hydrolysis (Fig. 7A). In contrast, a slight stimulation of activity
(maximum of 25%) was detected in reaction mixtures contain-
ing dsRNA (Fig. 7B). On the whole, however, the data point to
little or no role for RNA as a modulator of NSP5 ATPase
activity. Related assays also showed that HNSP5 was not able to
disrupt the base-pairing of short RNA duplexes (data not
shown), suggesting a lack of helicase activity for the protein.
Given that NSP5 lacks any of the signature motifs shared by
helicases (de la Cruz et al., 1999), the failure of HNSP5 to melt
dsRNA duplexes is perhaps not unexpected.Fig. 7. Effect of RNA on ATP hydrolysis. The indicated concentrations of poly
(U) RNA or gene 8 21-mer ssRNA (A), or gene 2 22-mer dsRNA (B) were
included in standard reaction mixtures containing HNSP5 (4.67 μM) and [α-
32P]
ATP. The reaction products were analyzed by TLC and quantified using a
phosphorimager. Assays were performed in duplicate. Standard deviations
(bars) are shown.
Fig. 8. ATP hydrolysis and activity ofHNSP5 mutants. Reaction mixtures
containing wild-type (wt) HNSP5 or the mutant forms HNSP5 S67A or S67D
were incubated for 2 h with [α-32P] ATP (A) or [γ-32P] ATP (B). ATP hydrolysis
was monitored by TLC and autoradiography, and quantified with a
phosphorimager (A). Protein present in reaction mixtures was analyzed by gel
electrophoresis and either Coomassie blue staining or autoradiography (B).ATPase activity and phosphorylation
As shown in Fig. 2, HNSP5 exhibits both ATPase and
autokinase activities when incubated with [γ-32P] ATP.
Eichwald et al. (2004) have obtained evidence that Ser67 is
critical to the hyperphosphorylation of NSP5 in vivo, represent-
ing the triggering residue of a series of serine/threonine residues
that must undergo phosphorylation for the protein to achieve the
hyperphosphorylated state. In order to determine whether Ser67
was involved in either the ATPase or the autokinase activities of
HNSP5, mutant forms of the protein were produced in which
Ser67 had been replaced with either Ala (HNSP5 S67A) or Asp,
a phosphomimetic amino acid (HNSP5 S67D). The mutant
proteins and HNSP5 were incubated with [α-
32P] ATP and then
assayed for ADP formation (Fig. 8B) or with [γ-32P] ATP and
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showed that mutation of Ser67 had little or no effect on either
the ATPase or autokinase activity of HNSP5.
Discussion
Rotavirus NSP5 is a small, highly conserved protein that is
essential to the formation of viral factories. The protein
undergoes O-GlcNAcylation and variable levels of phosphor-
ylation in the replication cycle, for reasons that are unclear. A
somewhat controversial subject has been whether NSP5
phosphorylation is strictly mediated by cellular kinases, or
whether it also involves a low-level autokinase activity. In this
study, we show that a wild-type and a truncated form of NSP5
exhibit ATPase activity, generating the reaction products ADP
and Pi. We also detected low levels of NSP5 phosphorylation
under the same conditions in which ATPase activity was
detected. The mechanism of nucleotide hydrolysis and protein
phosphorylation typically involves two sequential nucleophilic
attacks, with the first mediated by an attacking group of a
catalytic amino acid that disrupts the β–γ phosphoanhydride
bond of the nucleotide and forms a short-lived covalent linkage
with the cleaved γ-phosphate. The nature of the subsequent
nucleophilic attack on the phosphorylated catalytic residue
varies between proteins with some, often mediated by only
water, resulting simply in the release of the γ-phosphate from
the protein (e.g., nucleotide triphosphatase activity). In other
cases, the subsequent attack results in the transfer of the γ-
phosphate from the catalytic residue to the receiving group of
an amino acid on the same protein (autokinase activity) or on
another protein (protein kinase activity) or on another substrate
molecule such as NDP (NDP kinase activity). Our analysis is
consistent with the idea that the ATPase and autokinaseFig. 9. Conserved residues in NSP5 of group A and C rotavirus. The NSP5 sequence
strain (AAX16189) of rotavirus were aligned with ClustalW. Residues in the SA11
degrees of similarity are indicated with ‘:’ and ‘.’.activities of NSP5 are coupled, with the second nucleophilic
attack during ATP hydrolysis in most cases causing the release
of free γ-phosphate, but in some cases driving the low-level
autophosphorylation of the protein (Carpio et al., 2004; Vende
et al., 2002). NSP2 may induce changes in the structure of
NSP5 that increase the efficiency of the transfer of the
phosphate of the catalytic residue to receiving amino acids of
the protein.
Notably, mutation of Ser67, a residue critical to the putative
CK-I and -II pathways of NSP5 phosphorylation (Eichwald et
al., 2004), affected neither the ATPase nor the autokinase
activities of the protein. Thus, the ATPase and autokinase
activities appear to be distinct from the CK-dependent pathway
that generates hyperphosphorylated NSP5.
Our analyses show that NSP566–188 retains some capacity to
bind ssRNA and to hydrolyze ATP, despite lacking the N-
terminal 65 and C-terminal 9 residues of the wild-type protein.
Thus, all or operational parts of the ssRNA-binding and ATPase
domains reside within residues 66 to 188 region of the protein.
Although we do not know the location of the amino acids in this
region that are important for these activities, those that are
critical may be inferred by comparing the NSP5 sequences of
group A and C rotaviruses. Such an approach is rational based
on observations made with the group A and C NSP2 and VP1
proteins indicating that although the cognate proteins of these
two groups are, overall, poorly conserved, those residues that
are critical to catalytic activity and substrate recognition are
nearly perfectly conserved (Taraporewala et al., 2006; unpub-
lished results). As shown in Fig. 9, residues 171–180
(corresponding to the SA11 sequence) represent a highly
conserved region of the group A and C NSP5 proteins. This 10
amino acid domain (CKNCxY++KY, where ‘+” is R, K, or E)
includes numerous charged and/or hydrophilic residues (Lys,s of the group A simian SA11 strain (ABG75808) and the group C human V460
NSP566–188 protein are overlined. Identity is indicated with ‘*’, and decreasing
396 T. Bar-Magen et al. / Virology 369 (2007) 389–399Arg, Asp), as well as aromatic residues, features suggestive of a
region involved in interactions with nucleotides and/or RNA.
A recent study has shown that NSP566–188 exists as a stable
dimer in solution, and that the dimer has the capacity to interact
with the NSP2 octamer to form stable complexes detectable by
cryoelectron microscopy (cryo-EM) (Jiang et al., 2006).
Interestingly, the cryo-EM analysis failed to reveal evidence
of interactions between multiple NSP2 octamer –NSP566–188
dimer complexes to form large structural arrays that might be
predicted in the formation of viroplasms. In a similar vein,
immunofluorescence analysis has shown that co-expression of
NSP566–188 and NSP2 does not give rise to the formation of
viroplasm-like structures in uninfected cells (Z.F. Taraporewala
and J.T. Patton, 2007, unpublished results). Therefore, although
NSP566–188 is able to dimerize and interact with NSP2, the
absence of the N-terminal 65 or C-terminal 9 residues of the
NSP5 component appears to render the NSP2 octamer –
NSP566–188 dimer complexes incapable of self assembly into
larger complexes. This finding is largely in agreement with
earlier studies which showed that deletion of either end of NSP5
prevents the protein from contributing to viroplasm formation
(Fabbretti et al., 1999). Interestingly, NSP566–188 forms a dimer,
yet it lacks the intact C-terminal domain, a region previously
described as essential for NSP5 dimerization (Torres-Vega et al.,
2000). We would propose that the C-terminal domain may
indeed operate as a multimerization domain, but one that
facilitates interactions between separate NSP2 octamer–NSP5
dimer complexes. If so, then the C-terminal domain of the NSP5
dimer of one NSP2–NSP5 complex may serve to promote
viroplasm assembly through its interaction with the C-terminal
domain of the NSP5 dimer of other NSP2–NSP5 complexes. In
essence, the C-terminal domain becomes the physical link
between NSP2–NSP5 complexes. One confounding question
relates to how the NSP2 octamer interacts with the NSP566–188
dimer, given earlier results suggesting that the N-terminus of
NSP5 is necessary for this interaction (Mohan et al., 2003). At a
minimum, our work suggests a complex, perhaps multi-step
interaction between NSP2 and NSP5, that involves regions
downstream of residue 66 of NSP5.
Despite their interaction capabilities, neither NSP2 nor NSP5
seems to be a modulator of the other's NTP hydrolytic activity.
Our analysis also indicates that ssRNA does not influence the
ATPase activity of NSP5, and that dsRNA has at best, a minor
stimulatory effect on this activity. Although NSP5 has both
RNA-binding and ATPase activities, the protein possesses
neither the signature motifs (de la Cruz et al., 1999) nor the
ATP-dependent unwinding activities of a classic helicase
(unpublished results). So far, none of the rotavirus proteins
seem to contain the characteristic features of an NTP-dependent
helicase, a surprising finding given its dsRNA genome. Earlier
reports indicate that NSP5 interacts with the rotavirus RdRP,
VP1, and the core lattice protein, VP2 (Arnoldi et al., 2007;
Berois et al., 2003). It remains unresolved whether either of
these interactions alter the ATPase activity of NSP5. The
possibility also remains that as NSP5 undergoes hyperpho-
sphorylation, its ATPase activity is affected by changes to its
surface charges or structure.The interaction of NSP5 and NSP2 in vitro and in vivo
markedly enhances the extent of NSP5 phosphorylation (Carpio
et al., 2004; Vende et al., 2002). This interaction has been
suggested to induce conformational changes in the NSP5 dimer
that in vivo may open up target sites for cellular CK-like
enzymes, leading to NSP5 hyperphosphorylation (Eichwald et
al., 2004). Notably, the hyperphosphorylation of NSP5 in vivo,
although dependent on NSP2, is not dependent upon the
NTPase/NDP kinase activities of NSP2 (Carpio et al., 2004).
However, the NSP2-stimulated phosphorylation of NSP5 in
vitro is dependent on the catalytic activities of NSP2. Based on
gel electrophoresis, the NSP2-dependent hyperphosphorylation
of NSP5 in vivo is associated with changes in the migration of
the protein from a 28-kDa species to a 32- to 34-kDa species.
This change in migration does not occur with the NSP2-
stimulated phosphorylation of NSP5 in vitro, suggesting that
the in vitro pathway is distinct from the in vivo pathway.
Regardless, it is clear that numerous molecules of ATP are
required in aggregate to satisfy the substrate requirements of the
ATPase/autokinase activities of NSP5 and the NSP5-phosphor-
ylation activities of the CK-like enzymes. Such a demand for
ATP in the viroplasm may be satisfied in part by the proximity
of NSP5 to NSP2. Specifically, NSP2 through its NDP kinase
activity can use any NTP as a source of the γ-Pi needed in
recharging ADP to ATP (Kumar et al., in press). The fact that
NSP5 dimers bind within the grooves of the NSP2 octamer,
locations that adjoin catalytic clefts of the octamer (Jiang et al.,
2006), raises the possibility that NSP2 may feed recharged ATP
molecules directly to NSP5 or to associated CK-like enzymes.
The viroplasm-forming proteins of two other members of
the Reoviridae, bluetongue virus (BTV) and orthoreovirus,
have been well studied (Taraporewala and Patton, 2004).
Although some exhibit an NTPase (reovirus m2) (Noble and
Nibert, 1997) or nucleotidyl phosphatase (bluetongue virus
NS2) activity (Taraporewala et al., 2001), none have the ATP-
specific nucleotidyl hydrolysis activity of NSP5. In fact, NSP5
is the only protein for any member of the Reoviridae reported
so far to have an ATPase activity. The novelty of this activity
raises the possibility that its function is unique to rotavirus,
although certainty of this awaits further information concerning
the structures and biological functions of the Reoviridae
viroplasm-forming proteins in toto. It may be that the ATPase
activity of NSP5 is connected to a role for the protein in
subverting host antiviral pathways, as opposed to some more
direct role in genome replication or packaging. Indeed, the
combined ss and dsRNA-binding activities noted for NSP5
have led to the suggestion that the protein may sequester viral
RNAs that might otherwise trigger innate immune responses
(Vende et al., 2002).
Materials and methods
Expression vectors
The bacterial expression vectors pQE60g8wt and pQE30-
g11wt encode for full-length SA11 NSP2 (NSP2H) and NSP5
(HNSP5) with C- and N-terminal 6-His tags, respectively
397T. Bar-Magen et al. / Virology 369 (2007) 389–399(Carpio et al., 2004). pQE60g8/H225A encodes a protein
identical to NSP2H, except that the former contains a mutation
inactivating its catalytic activity . Outward PCR was used to
mutate the codon for Ser67 in the gene 11 cDNA of
pQE30g11wt such that it encoded an Ala (pQE30g11/S67A)
or Asp (pQE30g11/S67D). The reaction mixtures contained
Platinum PfxDNA polymerase (Invitrogen), pQE30g11wt as
template DNA, the primer 5′-CAGTTTTTCGATTAGATCG-3′
(S67Ph-For), and the primer 5′-GTGAGTGGATCGTTTGCA-
GCAG-3′ (S67A-Rev) or 5′-GTGAGTGGATCGTTGTCAG-
CAG-3′ (S67D-Rev). The PCR products were gel-purified, self-
ligated using T4 DNA ligase (New England Biolabs), and
transformed into DH5α (Invitrogen). The mutations were
verified by sequencing and the plasmids were transformed into
Escherichia coli M15[Rep4].
The bacterial expression vector pTYB11g11Δ, encoding
SA11 NSP566–188 with a self-cleavable N-terminal intein chitin-
binding tag (Jiang et al., 2006), was kindly provided by Dr. B.V.
Venkataram Prasad (Baylor College of Medicine).
Expression and purification of recombinant proteins
M15 [pREP4] bacteria containing pQE60 vector expressing
either NSP2H or NSP2H H225A or pQE30 vector expressing
HNSP5 were grown in Terrific Broth (Quality Biologics) at
37 °C to an OD600 of 0.5. Protein expression was induced by
adding IPTG to a final concentration of 1 mM. Four to five
hours after induction, the bacteria were recovered by centrifu-
gation at 4000×g for 30 min. The proteins were purified from
bacterial lysates under native conditions by nickel–nitrilotria-
cetic acid affinity column chromatography according to the
protocol of the manufacturer (Qiagen). NSP2H eluted from the
column was dialyzed overnight in low salt buffer (LSB) (2 mM
Tris–HCl [pH 7.5], 0.5 mM EDTA and 0.5 mM dithiothreitol).
HNSP5 was dialyzed initially in 50 mM NaH2PO4 (pH 8),
300 mM NaCl, and afterwards in LSB with 75 mM NaCl and
0.1% Triton X-100 (Carpio et al., 2004).
NSP566–188 with a self-cleavable N-terminal intein chitin-
binding tag was expressed by pTYB11g11Δ in E. coli strain
ER2566. The expressed protein was bound to a chitin column,
and the NSP566–188 fragment was released by intein-mediated
self-cleavage (IMPACT-CN system, New England Biolabs)
(Jiang et al., 2006). NSP566–188 was extensively dialyzed in
LSB containing 75 mM NaCl and 0.1% Triton X-100.
Protein concentrations were determined by Bradford assay
using bovine serum albumin (BSA) as the standard, and by co-
electrophoresis with known amounts of BSA on Novex or Tris-
Glycine polyacrylamide gels (Invitrogen) followed by Coo-
massie blue staining.
Western blot analysis
Proteins were resolved by electrophoresis on NOVEX
polyacrylamide gels and transferred onto nitrocellulose mem-
branes. Blots were soaked in phosphate-buffered saline (PBS)
containing 5% milk, and then probed with anti-NSP5
(1:10,000) polyclonal antiserum (1:10,000) (Taraporewala etal., 1999), or mouse monoclonal penta-His antibody (Qiagen).
Primary antibodies were detected with goat anti-guinea pig
horseradish peroxidase-conjugated antibody (1:10,000) or goat
anti-mouse antibody (1:,000). Blots were developed with
SuperSignal West Pico Chemiluminescent substrate (Pierce)
and exposed to X-ray film.
ATPase assay
Unless otherwise indicated, ATPase assays contained 70 pmol
of HNSP5 (4.67 μM), 70 pmol of NSP566–188, or 28 pmol of
NSP2H (1.87 μM), 50 mM Tris–HCl (pH 7.5), 0.2 mM
MgCl2, 150 mM NaCl and 10 μCi of [α-
32P] or [γ-32P] ATP
(3000 Ci/mmol) in a final volume of 15 μl. The mixtures were
incubated at 37 °C for 1 h and stopped by adjusting to 10 mM
EDTA. In some cases, portions of reaction mixtures were
analyzed for protein phosphorylation by gel electrophoresis and
autoradiography. For thin layer chromatography (TLC), the
reaction mixtures were phenol–chloroform extracted, and 1 μl
spotted onto polyethyleneimine-cellulose plates, which were
then developed in 1.2 M LiCl. The reaction products were
visualized and quantified using a phosphorimager. The
percentage of ATP hydrolysis was calculated using the
following formula: ATP hydrolysis= ((quantity of [α- or
γ-32P] hydrolysis product) / (quantities of [α or γ-32P] hydro-
lysis product+ [α- or γ-32P] hydrolysis substrate)) ×100.
Results were adjusted for background levels of substrate
hydrolysis occurring in reaction mixtures without protein.
In vitro phosphorylation of HNSP5, NSP566–188 and NSP2H
Reaction mixtures containing 50 mM Tris–HCl (pH 7.5), 0.2
mM MgCl2, 150 mM NaCl and 10 μCi of [γ-
32P] ATP
(3000 Ci/mmol, Perkin-Elmer) and either 70 pmol of HNSP5,
NSP566–188 or 28 pmol NSP2H, in a final volume of 20 μl, were
incubated for 2 h at 37 °C. Phosphorylated proteins were
resolved by electrophoresis on Novex Tris–Glycine polyacry-
lamide gels (Invitrogen), detected by autoradiography, and
quantified with a phosphorimager.
RNAs
Synthesis and purification of the gene 8 5′ 21-mer and 32P-
labeled Luc200 ssRNAs were described before (Vasquez-Del
Carpio et al., 2006). The gene 8 5′ ssRNA represents the first 21
residues of the SA11 gene 8 (+)RNA (5′-GGCTTTTAAA-
GCGTCTCAGTC-3′). The Luc200 ssRNA represents a portion
of the luciferase gene in the plasmid pGL2 (Promega). Poly U
ssRNA was purchased from Sigma. The gene 2 22-mer dsRNA
represents a duplex RNAwith a sequence initiating at residue 1345
of the SA11 gene 2 RNA (TGCAAAGAAUGCAUUAUAGTT).
Electrophoretic mobility shift assay (EMSA)
EMSA was performed as described previously (Patton,
1996). Briefly, 1 to 10 pmol of HNSP5, NSP2H or NSP566–188
was incubated with 1 pmol of 32P-labeled Luc200 ssRNA in a
398 T. Bar-Magen et al. / Virology 369 (2007) 389–399final volume of 15 μl of LSB at room temperature for 30 min.
Reaction mixtures were analyzed by electrophoresis on non-
denaturing 8% polyacrylamide gels. Protein–probe complexes
were detected on gels by autoradiography. Intensities of
radiolabeled bands were quantified with a phosphorimager.
Acknowledgments
This study was supported in part by the Intramural Research
Program of the National Institute of Allergy and Infectious
Diseases, NIH. T.B. was supported by CONICYT and by a
Fulbright grant for graduate student research. E.S. was
supported by FONDECYT 1050002. We appreciate the
excellent technical assistance of Maria Teresa Castillo (Uni-
versidad de Santiago de Chile) and Thomas Brown and the
suggestions and insights provided by Zenobia Taraporewala.
We also thank Dr. B.V. Venkataram Prasad for his gift of the
pTYB11g11Δ plasmid.References
Afrikanova, I., Miozzo, M., Giambiagi, S., Burrone, O., 1996. Phosphorylation
generates different forms of rotavirus NSP5. J. Gen. Virol. 77, 2059–2065.
Afrikanova, I., Fabbretti, E., Miozzo, M., Burrone, O., 1998. Rotavirus NSP5
phosphorylation is up-regulated by interaction with NSP2. J. Gen. Virol. 79,
2679–2686.
Arnoldi, F., Campagna, M., Eichwald, C., Desselberger, U., Burrone, O.R.,
2007. Interaction of rotavirus polymerase VP1 with nonstructural protein
NSP5 is stronger than that with NSP2. J. Virol. 81, 2128–2137.
Berois, M., Sapin, C., Erk, I., Poncet, D., Cohen, J., 2003. Rotavirus non-
structural protein NSP5 interacts with major core protein VP2. J. Virol. 77,
1757–1763.
Blackhall, J., Fuentes, A., Hansen, K., Magnusson, G., 1997. Serine protein
kinase activity associated with rotavirus phosphoprotein NSP5. J. Virol. 71,
138–144.
Blackhall, J., Munoz, M., Fuentes, A., Magnusson, G., 1998. Analysis of
rotavirus nonstructural protein NSP5 phosphorylation. J. Virol. 72,
6398–6405.
Carpio, R.V., Gonzalez-Nilo, F.D., Jayaram, H., Spencer, E., Prasad, B.V.,
Patton, J.T., Taraporewala, Z.F., 2004. Role of the histidine triad-like motif
in nucleotide hydrolysis by the rotavirus RNA-packaging protein NSP2.
J. Biol. Chem. 279, 10624–10633.
Clari, G., Moret, V., 1985. Phosphorylation of membrane proteins by cytosolic
casein kinases in human erythrocytes. Effect of monovalent ions, 2,3-
bisphosphoglycerate and spermine. Mol. Cell. Biochem. 68, 181–187.
de la Cruz, J., Kressler, D., Linder, P., 1999. Unwinding RNA in Saccharomyces
cerevisiae: DEAD-box proteins and related families. Trends Biochem. Sci.
24, 192–198.
Eichwald, C., Vascotto, F., Fabbretti, E., Burrone, O.R., 2002. Rotavirus NSP5:
mapping phosphorylation sites and kinase activation and viroplasm
localization domains. J. Virol. 76, 3461–3470.
Eichwald, C., Jacob, G., Muszynski, B., Allende, J.E., Burrone, O.R., 2004.
Uncoupling substrate and activation functions of rotavirus NSP5: phosphor-
ylation of Ser-67 by casein kinase 1 is essential for hyperphosphorylation.
Proc. Natl. Acad. Sci. U.S.A. 101, 16304–16309.
Estes, M.K., 2001. Rotaviruses and their replication, In: Howley, P.M. (Ed.), 4th
ed. Fields Fundamental Virology, vol. 2. Lippincott Williams & Wilkins
Press, Philadelphia, pp. 1747–1785.
Fabbretti, E., Afrikanova, I., Vascotto, F., Burrone, O., 1999. Two non-structural
rotavirus proteins, NSP2 and NSP5, form viroplasm-like structures in vivo.
J. Gen. Virol. 80, 333–339.
Gonzalez, S., Burrone, O., 1991. Rotavirus NS26 is modified by addition of
single O-linked residues of N-acetylglucosamine. Virology 182, 8–16.Gonzalez, R., Espinosa, R., Romero, P., Lopez, S., Arias, C., 2000. Relative
localization of viroplasmic and endoplasmic reticulum-resident rotavirus
proteins in infected cells. Arch. Virol. 145, 1963–1973.
Gwack, Y., Yoo, H., Song, I., Choe, J., Han, J.H., 1999. RNA-stimulated
ATPase and RNA helicase activities and RNA binding domain of hepatitis G
virus nonstructural protein 3. J. Virol. 73, 2909–2915.
Imai, M., Akatani, K., Ikegami, N., Furuichi, Y., 1983. Capped and conserved
terminal structures in human rotavirus genome double-stranded RNA
segments. J. Virol. 47, 125–136.
Jayaram, H., Taraporewala, Z., Patton, J., Prasad, B., 2002. Rotavirus protein
involved in genome replication and packaging exhibits a HIT-like fold.
Nature 417, 311–315.
Jiang, X., Jayaram, H., Kumar, M., Ludtke, S.J., Estes, M.K., Prasad, B.V.V.,
2006. Cryoelectron microscopy structures of rotavirus NSP2–NSP5 and
NSP2–RNA complexes: implications for genome replication. J. Virol. 80,
10829–10835.
Kainov, D.E., Tuma, R., Mancini, E.J., 2006. Hexameric molecular motors: P4
packaging ATPase unravels the mechanism. Cell. Mol. Life Sci. 63,
1095–1105.
Kuang, W.F., Lin, Y.C., Jean, F., Huang, Y.W., Tai, C.L., Chen, D.S., Chen, P.J.,
Hwang, L.H., 2004. Hepatitis C virus NS3 RNA helicase activity is
modulated by the two domains of NS3 and NS4A. Biochem. Biophys. Res.
Commun. 317, 211–217.
Kumar, M., Jayaram, H., Vasquez del Carpio, R., Jiang, X., Jacobson, R.H.,
Patton, J.T., Prasad, B.V.V., in press. Crystallographic and biochemical
analysis of rotavirus NSP2 with nucleotides reveals NDP kinase like activity.
J. Virol.
Mohan, K.V.K., Miller, J., Atreya, C.D., 2003. The N- and C-terminal regions of
rotavirus NSP5 are the critical determinants for the formation of viroplasm-
like structures independent of NSP2. J. Virol. 77, 12184–12192.
Noble, S., Nibert, M., 1997. Core protein mu2 is a second determinant of
nucleoside triphosphatase activities by reovirus cores. J. Virol. 71,
7728–7735.
Parashar, U., Hummelman, E., Bresee, J., Miller, M., Glass, R., 2003. Global
illness and deaths caused by rotavirus disease in children. Emerg. Infect. Dis.
9, 565–572.
Patel, S.S., Donmez, I., 2006. Mechanisms of helicases. J. Biol. Chem. 281,
18265–18268.
Patton, J.T., 1996. Rotavirus VP1 alone specifically binds to the 3′ end of viral
mRNA, but the interaction is not sufficient to initiate minus-strand synthesis.
J. Virol. 70, 7940–7947.
Prasad, B., Wang, G., Clerx, J., Chiu, W., 1988. Three-dimensional structure of
rotavirus. J. Mol. Biol 199, 269–275.
Rubin, H., 2007. The logic of the membrane, magnesium, mitosis (MMM)
model for the regulation of animal cell proliferation. Arch. Biochem.
Biophys. 458, 16–23.
Schapiro, F.B., Grinstein, S., 2000. Determinants of the pH of the Golgi
complex. J. Biol. Chem. 275, 21025–21032.
Silvestri, L.S., Taraporewala, Z.F., Patton, J.T., 2004. Rotavirus replication:
plus-sense templates for double-stranded RNA synthesis are made in
viroplasms. J. Virol. 78, 7763–7774.
Suzuki, H., Kutsuzawa, T., Konno, T., Ebina, T., Ishida, N., 1981. Morphogenesis
of human rotavirus type 2 Wa strain in MA104 cells. Arch. Virol. 70, 33–41.
Taraporewala, Z.F., Patton, J.T., 2001. Identification and characterization of the
helix-destabilizing activity of rotavirus nonstructural protein NSP2. J. Virol.
75, 4519–4527.
Taraporewala, Z., Patton, J., 2004. Nonstructural proteins involved in genome
packaging and replication of rotaviruses and other members of the Reovir-
idae. Virus Res. 101, 57–66.
Taraporewala, Z., Chen, D., Patton, J.T., 1999. Multimers formed by the
rotavirus nonstructural protein NSP2 bind to RNA and have nucleoside
triphosphatase activity. J. Virol. 73, 9934–9943.
Taraporewala, Z., Chen, D., Patton, J., 2001. Multimers of the bluetongue virus
nonstructural protein, NS2, possess nucleotidyl phosphatase activity:
similarities between NS2 and rotavirus NSP2. Virology 280, 221–231.
Taraporewala, Z.F., Schuck, P., Ramig, R.F., Silvestri, L., Patton, J.T., 2002.
Analysis of a temperature-sensitive mutant rotavirus indicates that NSP2
octamers are the functional form of the protein. J. Virol. 76, 7082–7093.
399T. Bar-Magen et al. / Virology 369 (2007) 389–399Taraporewala, Z.F., Jiang, X., Vasquez-Del Carpio, R., Jayaram, H., Prasad,
B.V., Patton, J.T., 2006. Structure–function analysis of rotavirus NSP2
octamer by using a novel complementation system. J. Virol. 80, 7984–7994.
Taylor, J., O'Brien, J., Yeager, M., 1996. The cytoplasmic tail of NSP4, the
endoplasmic reticulum-localized non-structural glycoprotein of rotavirus,
contains distinct virus binding and coiled coil domains. EMBO J. 15,
4469–4476.
Tian, P., Estes, M.K., Hu, Y., Ball, J.M., Zeng, C.Q., Schilling, W.P., 1995. The
rotavirus nonstructural glycoprotein NSP4 mobilizes Ca2+ from the
endoplasmic reticulum. J. Virol. 69, 5763–5772.
Torres-Vega, M.A., Gonzalez, R.A., Duarte, M., Poncet, D., Lopez, S., Aria,
C.F., 2000. The C-terminal domain of rotavirus NSP5 is essential for its
multimerization, hyperphosphorylation and interaction with NSP6. J. Gen.
Virol. 81, 821–830.Vasquez-Del Carpio, R., Gonzalez-Nilo, F., Riadi, G., Taraporewala, Z.,
Patton, J., 2006. Histidine triad-like motif of the rotavirus NSP2 octamer
mediates both RTPase and NTPase activities. J. Mol. Biol. 362, 539–554.
Vende, P., Taraporewala, Z.F., Patton, J.T., 2002. RNA-binding activity of the
rotavirus phosphoprotein NSP5 includes affinity for double-stranded RNA.
J. Virol. 76, 5291–5299.
Yeager, M., Dryden, K., Olson, N., Greenberg, H., Baker, T., 1990. Three-
dimensional structure of rhesus rotavirus by cryoelectron microscopy and
image reconstruction. J. Cell Biol. 110, 2133–2144.
Yon, C., Teramoto, T., Mueller, N., Phelan, J., Ganesh, V.K., Murthy, K.H.,
Padmanabhan, R., 2005. Modulation of the nucleoside triphosphatase/RNA
helicase and 5′-RNA triphosphatase activities of Dengue virus type 2
nonstructural protein 3 (NS3) by interaction with NS5, the RNA-dependent
RNA polymerase. J. Biol. Chem. 280, 27412–27419.
